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R. A.

Lrakowski

Los Alamoe Mational Laburatory

Lor alawmos,

ASSTRACT

Past trends, present status, =&and future
directions in the search for &n improved fusion
reactor are Teviewed, and promieing options
available ts both the principle tokamak and
other supporting coancept are summarir-=d.

IN TRACING THE EVOLUTION of coaceptual fusion
resctor designs, the reduction of the dominance
of the fusion power core (FPC, i.e , plasma
rhamber, first wall, olanket, shield, coill, and
related structure) and assoclated reactor plant
equipment ewmerges as a central theme. Reduction
of the FPC size and 1inczesse 1in the power
generated per unit FPC mass are the most visible
but not sole elements of an improved fusion
reactor, howvever. A summary of past progress,
present etatus, and fucure directions for
reacter improvements is first given. An
overview of ma jor options for improved
confinement eystems is then presented, with
poloidal-field-dominated (FFD) rystems appearing
particularly well suited in meating goals for
improved fusion ruactors. The axperimental
status and reactor prognoses for wmajor PFD
sy.lems--the reversed-fisid pinch (RFP) and the
spheromak compaci Utorold (CT)--ie then givan.
Tre spherical torus (ST) rtokamak is alsc
included as & PFD-like variant of the tokamak.
Brief conclusicne note the rich and inter-
related ensemble of fusion options that promise
a decreased FPC role 1in the overall cost
equaticn wnile simultaneously ellowing a more
flexihie ard ccar-sffecrive devalopmenr nark.
Systems that are amenable to factory-constructed
FFC. of wmsderate eire ani capacity while
operaring within a reduced ..aclear envelcpe
emerge as 8n attractive go:i for fuslon power.

*Wirk performed under the ausplces  of  US
Depuctment of Energy, Office of Fuaion Energy.

New Maxico 87545

DIRECTIONS FOR IMPROVEMENT

The general perception <that magnetically
confined fusion projects a central electric
pover station that wmay be too large, complex,
and costly, while requiring a development path
that 1is toc 1intensive of time and budget, has
led to a resexamination of goals and the charting
of new direction for both the principal
tokamak(l) as well as other fuesion
concep.s.{2,3) Continued progress towvards an
optimal end-product for fusion 1is most directly
1llustrated in Fig. l., which for a range oi
conceptual fusion reactor designs gives the FPC
mass utilization (useful thermal power divided
by the FPC mass) and the FPC power density,
lines of average FPC dansity and “he enginearing
pcver density for a range of fissile end fossil
enargy sources ara aleso given. Progress towvards
an optimal fusion energy source is reflected by
the relative positions ¢! conceptual design for
the early UWMAK-] tokamak,(s) the later STARFIRE
tokamak,(5) and cthe GENEROMAK, which 1is an
sconomic target Trecently suggastad’20) for
fusion 1in gensral. Oungoing recxamination(l) of
the tokamak option generally projects optimal
designs that fall within rhe GENEROMAK range,
vhereas recant etudies of other prowising
ap,roaches bated or compact spheromak (CSR)i19)
and reversed-field pinch (CRFPR){(9-12) reactors
project PPC parforuance, as measured on Fig. 1.,
aot unllke that for light—water fission reactors
(PWR).

Although the Fig. i design-point summary 1is
asaful for wonitcring progress and projecting
joala, & mcis detailal analysis of physics and
technology constraints and the sssoclated
tradecffs related ro develvpmant cost and timr,
end-product operational and ccet iesces, and
jenerasl safety and rasource concerns is rejuirea
Lo define both the attractiveness and
~ompatitive.ess of fusion power. Hence, ir

'Numbers in parenth.eases designate raferences =&t
and of paper.
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efiiition t. locrtessed PPC maes wtiligation, the
gouls for impiived fusisa rescters to varying
dagress are detarnimed by the fellowix, items:

® Petential feor reduced total powver ocutput
asd sssociated capital isvestment, with
the prasibility of multiplexing a mmber
of smaller FPCs to drive & larger total
site capacity.

e Emphasis and/or enhancemant
safety (eagainet & loss of
through ioherent 4 4
characteristics.(30)

® Strass long-pulsad or steady-state plasma
operation while addreesing related issues
of plasms current drive, heatirg,
fueling, and impurity/as . control.

® 8igplify tha FPC design in terms of
raduced fields, stresses, and stored
\magnetic) energy while using advanced
materiale and/or [abrication technicues
only where clear-cut advantages are
perceived.

e Maintain a high overall plant
by wutilizing direct ensrgy
(wvhan posaible), high ccolant
temperatnres, and ainimus pover
tecirculated 7o the FPC and associated
suppo.t systens (l.e., coils. current
drive, plasma heaters, coolani pumps).

e Eaphasize physically small wmodular FPIc
that assure g flexible development path
and ultimately factory (off-site)
fatrication, full non-nuciear FPC pre-
testing, and esingle- or few-piece FPC
maintenance and repalr.

Although many of the

determine the implementation
and, hence, the achi.vemant
threshold target, are generic
fusion, detailas of the plasma confiaement
physics play an igportant role 1in determining
both the interaction and required advancesenrt of
these technologies. Central to this coupling of
technology with phyeics 1is the plasma pressurs
relative to the magnatic-field prassure
evaluated either at the piasma physics betas, [)
or at the magnet co.l (engineering beta, ﬁ!;.
Although most coeting models used to evaluate
fusion prospects predict a wagk zost—-of-
alsctricicy (COE) dependencae on “Hata for
% > 0.05, the subtle but impcrtant fmpact of
this parameter on magnat technology (stress,
s.:perconducting versus 1esistive conductors),
structural requiremants (stored energy, stiress,
focrces). and blanket choice, (high-power-density
liquid-matal breader/coclante versua other
separate-function combinations) is weignificant.

of pesaive
coolant)
deaign

efficiency
conve:'sion
fluid

techoologies trat
of these goais,
of the GENEROMAK

to magnetic

Higher beta valuas, therefore, can open design
windows and options that 1increase the end-
product credibilicy, while not necessartly
strongly 1mpa.:iing the CGE, an presently
compute ‘.

The meanrs by whith f ana ﬁE can be
incruvas«d and the gsescclated 1mpac on FPL
geomatry and tac! .ology, therefcre, is central
tc the goals for an 1improved fusivan reactor.
For a tokamsk of mina. ma 10T

plaves radiue rp_
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Fig. l. Summary of FPC
densitiss projected for recent fuslon reactor
designs: The early Un°versity cf Wiscousin
UWMAK-1 tokar=-“{(«); STAKFIRE tokesmai:(5); Zultam
MkIIB cokamak: “ ; superconduccting Reversed-Field
Pinch Reactor, RFPR{?,8), Compact Reve-red-Field

on engineering power

Pinch Reactor, CRFPR[22](9,10) and
CRFPRIS5](11,12), Los Alamos Modulsr Stelliarector
Reactor, MSRil3); Universicy of Wisconsin
Modular 6Stellarator Raacto:s, UWTOR-M(l«), ELMT
Bumpy Torus Reactor, EBTR(i5): Mirror Advanced
Reacto- Study, MARS(16:; reactsr based on
Ohnicnllyrﬂllrcd Toroidal Experiment, OHIE(17);
Riggatron tokamak (187, compact spheromak
reactor, CSR{19:; geraric fueion reactcr,
GENURCOMAK(20). Tha eagineering pover deusity
for a number of fusion Trea~tOr systems are
shimwm, where the viiumes are defined by the
primary pressurae vessel: Pressurired-water
Reactor, PWRi{21,22); steam qenerat--7 for a PWR,
45(22); Superphenix Fast Bree.,er Reactlor,
FBR{(SP)( 23}, Advanced Gas—Cooled Reactsr,

#GR(24); Magnox Gas-Cooled Reactor, MAGNOX{:I5),
‘fodular Fast Brreder Reacto:, FBR(MRF)(.i&},
dodular High-Tewperature Gas Raactor, MHTGR{Z7),
Freassurized Heavy-Water Reactcor, CANDU(Z8), Thc
cyclone furnace used 1in a wmodern coal-fir=~d
plant 1e also showni29). Except for the mad:iar

fission plante, wmost systams are 1a the
~ 1000-1200 Mleiret) class.

radiue lT' torolde' current and torslaal
field l.. statilicy- rolltng beta llmitse
generally scale aa B - €ig = ‘T B wigt
increased beta for a glven l:&.{y. fartor,
q = «B fB implying wmall aspecl-ratl.,
e = and high-c.arrent plasmas.t 1]
Increased El cngation of the -~lsema minor rees-



saction also 1incresses(3d2) I, and B The
increased plasma current, hﬂnn?. may aake moTe
diftficult plssma startup, curreat—drive, amsd/or
disruption control,(l) amd beta-enhancemsct
schemes based on plaspua-shape (inboard
indentation) and curreat-profile control 1in
larger—aspect-ratio, lower-I, toksmaks aTe also
receiving attention(33l). By plassa 1indenting
scd profile control, bellconing instabilicies
tha* now limit the tokamak beta (through plasas
disruptivn) can theoretically be reroved, and a
second stability region (88R) of high-beta
(> 0.15) cperation s predicted. The indenting
or "pusher™ coil as well as tbke feasibility of
and degree to vwhich current profiles must be
controlled, however, present concerns for the
5SR tokamaks.

While B8SR rtokamsaks may allov stability
against 1deal balloonirg and internal kinok
podes, possibly requiring an alectrically
conducting first—wall @eshell to stabllize
extarnal cr surfare kinks, the RFP admite a
large nusbrr of internal kirk wmodes into the
plasma by decressing the safety factor q to
below unity on the plasma axis and allowing even
lower vaiues near the plasma edge, wvhere q
reverses sign. The resulting high edge-plass-
sagnetic sheaar possibly coupled with soma fora
¢of sehort-term firet—wajl stabilization of
external (surface) kink modes gives a high-beta
plasns configuration that reside stably in a
near-minimum-snergy state.

The spherom~k tn terms of q-profile and
Gumber of modes admitted into the torus resides
betwaen rche RFP and convritional tokamak, with
typically the on-axis g belng ~ 0.7 and
decreasing t: below ~ 0.5 at the geometric axis.
This q profile 1s steepened when current is
drivea on opan poloidal flux surfeces, but
nevercheiess only ralativeliy Jong wavelength
a>des are admitted to the spheromak compared to
the RFF. Unlike the RFP or tokamak, the high-
beta wspheromak has no exterual conductor or
cther etructure 1linking the torus, and a
uniquely attrective p.asma geomalry results.

The polaidal-field-dominated (PFD) piasmans
cffar uni quae Toutes to achieving the
aforemantioned goale for significantly improved
fusisn resctsrs. While tha RFP and spheromak
are truly PFD systems, the okamak 1i: the form

-f a low-spect-ratic (¢ = 0.6-0.7) sphericil
t2r:acd1: alap has & strorg poloidal firaeid ax
the outboard eguitoriel plane, and to some

degres may share some of the artributes of these
hiph-bata PF[ ayetems vhile operating withir the
3 > 2-3 tul.amak constralnte.

STECIFIC APPROACHES

OVERVIEw GF OFTIONs - Figure I. dep’-ts
key <lasses of wmagnetic cocafinement systems
presently under study. This chart is organiraed
to emphasize approximate relaticnships betveen
concepte, with systems @ufRpsrting large plasma
currents poeitioned on rthe lafi, while those
containi.g Ilttle or +nue plajma current being
romitic .ad oo the right. The latter aystems are

dominated by externslly 1imposed amial ¢
toroidal wmagastic fiealds (iselsnding the
“convesntienil” tohamak awml the ~ardes; mirver)
and, therefore, gensrally require lacpe
supercoaducting coiles. Confinement Jystems
located on the left side of Pig. 2 ewpport wore
of the pleoma pressure b aziersal plasss
currents, hive reduced requirensuts for
externally imposed magnetic fields, and to
varying degress can operate vwith efficient
resistive (copper or aluminum alleys) coils;
these PFD comcepts require miniscl blaaket/shell
requiraments compared to supercoanducting
systems, and a considerable reduction in the FPC
mass, size, and complexiry i3 envisaged.(z,3)

T ALOMBATID TORLR
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Fig. 2. Options for magnetic fuesion. The
higher-beta options [or the tokamix inc ude the
spherical ctorue, 8T(31}; the elongated torus,
ET(32); and operaticn in the asecond s abllity
region, §SR(313). The ste'larator/cc:satron-
helictron is grouped as 8/T/H 13,341, As f(rr
the 3/T/H, tha bumpy torusil5) can be siawed in

tarme of nlasma zonfinament ¢n Arifr = rfacas,
thas usually large ey-tem projecring compactness
when formd 1irmo a iquarce or high-order
Psarhaldron{6j. The raversad-fierd pinca,
R¥P 3.]2), 1+ tlie firer eaignificant step away
from the “corventionsl” tokamak sa a FFL system.
The Danse Z-P nch, DIP,t4J) and compact toroid
(CT) spheromik( 19} have no torcidal field
cuteide the Flasma. The fleld-reversed
configaration, FRC(36), is & CT with no rorolidal
fiald, aithar i3side or outeide the plasma. Tha
tandem mirror(16,37) ewbodies claractaristirs of
both FRCe, B T/He. and bumpy toruses squares,
including the use of high-field ruparconducring
and resistive cclle, drift eurfaces, aenergeti-
electron r.nge, and iinear central geometrv.



Te vwzrying degrees, the advanced tokamars
(d.e., I, KT, S3R) attempt to enter this FFD
regien, wity tha efficieat use of resistive
soppar colls to confine highar-bera, higher-
power—density plassas alsno proaising drasmstic
reductions in FPC size, mass, complexiiy, and
cost. Althcugh the tokamak physics data base
far outstrips many of the other approaches
listed or PFig. 2., the @advanced tokamsk
embodiments wust project esignificantly from
present understanding into regions where other
concepts have aqual 1f not stronger data bases.
This eituzation coupled with: a) the ability to
transfar physics undarstanding acrose concept
boundaries, b) strong aexperimental successes,
particularly for RFPs, spheromak C(CTs, and FRC

CTs, and c) the possibility to exterd these
lattsr concepts to viable ccamarcial end-
products without ever-increasing plasma sizes

all conbine to point to significant improvements

in sye:-ems located on the PFD (leftr) side of
Fig. 2. For these reasons the prognoses for
improved reactores is based on the RFP,
spheromek, and the ST tokamak.

Improvements in the toroidal-field-
dominated systenms have also been
suggested, (35-37) although these systems would
exploit advantages that ds not necessarily
include redu-ed PFPC cost and asize (1.e..
inherent safety accompenying low-power—density
plasmas operation, 1intrinsically steady-state
plasmas, high-Q 1ignition, natural divertor and

separation of DT neutron and
fluxes. and linssr geometry).
It is noted that the FRC(38,39) and DZPi &}

charged-particle

are fully contained by poloidal fi1eld (3.e.,
toroidal or arisl plassa currents) and present
reactor extrapolazions that are unigue and

interesting 1in their own right. Considerations
of stability, however, genarally dictate pulsed
oparation for these aystems, with moderataly
cocmprehansive reactcr studies being availabie
only for stationary(39) or translatingi{a() FRCs.

POLOIDAL-FIELD-DOMINATEL (PFD; SYSTEMS -
The physice aid reactor wstatus of bot: the
RFP(41,12) and the stationary (gun—-producad and
sustained) spheromai(42,19) hava been re:rently
revieved and are eummarized here as baing
prototypical PFD eystesa. The ST tokamar,(31)
while not a PFD esvatem, 1is neverthsless
sumserired here as a tokamak option that may
als: share some reactor bei:afite of operatirg in
this regims«.

Reversed-Fileid Pinch (KFP) -
emerging a9 an attraciive
bhacausa of encouraging phyeics
nunter of exparisents and secssse of inherant
Properties that promise concact, high-power-
density rea.rcrs.(5-12) As for the tokamak, rr=+
pulcidai fraeld, Bg, in tha kFP ts pgeuerateu 2y
torcidal rplesmsa curvents, but the toroidel
f1eid, B_ within the plaoma 1: cimparable to B,
and derr -ases through serv to a swall negative
valsa (hance, tke name RFP) outsije the plasma.
Tha RFP aenglneering features, therefcre, ara
dominared bty the poloidul field, wilch dacreases
from the [lasma irnversely with dislance L: the

The
Teactaor

RFP is
concept
resulres from a
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Fig- 3. Comparison of past and projected physice
performance of the pPrinciple and other
confinement concepts given on Fig. 2.

poloidal coils. The resulting high-beta placma
is particularly amenablie to confinement by low-
field (low-currenr) copper-alloy coclils that can
be separated from the plasma by the minlmum
thickness (0.5-0.7 m) required for s blanker to
breed tritium and tc recover the fusion energy,
the absence o6 thick shields reguirad of
superconductors considerably reduces the mmss 5f
bcth coil and blanket;shield systems, projecting

1000-2000 conne FPCs rather than 20,00u-30,0uc
torne wunite envisagad for superconducting
reactors of comparable pover outpur. In
addition to operating with plasma curreat
denairies that are sufficient for ohmic heating
the plasma tc ignition, considerably simplifying
an othervise wmajor complexity for fusisn, the

close coupling of toroldal and polcidal currents
(fiaelds) 1in the near-minioum-energy RFF plasma
promises a unique abllity tc rectify c¢xternally

applied voltege oscillations and tc drive the
plasma curtent witk nc net change Ia Lhe
poloidai flux linking the torus, tre very
mechanisa that austairns the g << RFF
conf.quration ricaises a means for  low-
frequency, low-power current drive.

Thea« ideas form the basis cf the comparr

RFF reactour(9-12) and have receivead considerarle

substintiation by modarn RFP experiments and
thesty.(&1) This sprogress 3is occuring 1n five
RFP arsas, plasma se_up/formation, plasma
sustalnsent ;dycam:, confinement, Plasms-wall
intceraction, and eteadry-statn current drive.

The RFF fleld conflgurati~cn (l.e., strong oun-
axle toroldal flei.3 or magnituce comparatcle ..
the palojdai field and decreasing U< small,

reversed value outside the plasmal would o the

basia of clasaical resistive theary be expe-re:l
to de-ay to a uniform flelc profile of magiit.de
ejual - that 1mposed on the extarnal torsidai-—-
fiel.l cotlm. The RFI' coenfigurati-n caun  Le



shown, (43) however, to rapresent a asar-ainisue-
enetgy state, and plassa relaxazisn through an
internal plassa dyasmo action meintsins a wet
poloidal plsems current and associsted torofdal
fiald, using the poloidal-field ecirciut as an
energy sugoly. Bence, once slowly formed, the
RFP configuration can be maintained as long as
toroidal voltage is applied. Furthete re,
sustaiomant through the dynamo affect can be
used to ramp elowly the toroidal current and
create internal toroidsl flux; the dynamo action
to date has mwora thun tripled the toroidal flux
during such slow current remps.(4l)

Given the sbility to form alovly and then
tc sustain the RFPF configuration, the traasport
properties in these high-bets, ochmically heated
digscharges and the scaling to the reactor regims
become of paramount interest. Modern RFP
sxperiments show a scaling of plasms pressure
with the square of the plasma current,
indicating that the plasaa beta 1is constant

({.@.,  20kpT = BgBf 24, = EBgl rﬁ). This
constant~beca scaling Lae e predicted
theoretically(ss) end suggosts ao enargy

conf inement time, 1{ - t{Bg)r Ly, where
v = 1-1.5. The higher value of v gl:hltl from
classical scaling of %11111 “esistivity with
t /1372 1 beerved
emperature gei , as [ obaderve
experimenzally), tﬁc assumption of constant Be,

- -
N o= c

and the constrarnt thst I!‘u'zn ian eleciron
streaming velocicy) s Onlgln[- Figure 3.
shows the extonsion of this experimentally

verified scaling towards the next step 1in the
RFP program, ZT-H,{&1) DT ignition, and reactor
conditions. “pecifically, the observed scaling
predicts for the Lawscn paramater,
n = f “5’251. £ and is approximately
inuependent of site. Approaches to ignition and
burn emerge that stress plssma curreat and
select plaima size ooly to meel englnearing
heat-transier and Plasma—wall-interaction
constralats (1.e., o - l;Z.ff). cthese
apprcaches generally favor less—expensive, low-
technclogy, eaaller, and acre flexible eystams
along the dovelopment path to commercial fusion.

Plasma parformsnce ard the technology of
the plasma-wall interucticn wocon be~ome linked
for the RFP. <Contrcl of local field errors - o
these smallur exparimants bacome crucial to
attaining "i1gh current and good confinement a:
high temperature in smill systems. The role or
2a8 reacycle from the vacuum wall 1is important.
Low-2Z limiters are only beginning to be used,
and the ability ts maintain the discharge
density (i.e., coutrcl plasma “pump out’) by
proper pre-disctarge wall c>nditfoning ie bwing
developed succesafully.(&1) ’rogress aliong the
nr-T ctrajectory displayed 1in ¥ig. 3. and tne
size and 28t ¢f the requi-ec devicea will he
determined in large part by an evolving
inderstanding ard contrel of this piasma -wvall
interaction, first by the implemeantaticn of
passive limiters (for shert-piiise operaticon) and
then by use of altner (pcloldal) arrays ci
pumped limiters{ %) or tarcida.-f1eld magnetic
divercars.14%)

The stresg, noa-limsar eeuplisg of the
Ltoroidsl and poloidal cireuits through ths maar-
alnises—-energy, contimsally relaxing RP?
promises a mon-izvasive ssdns to drive steady-
state current by low-frequescy (few Bz at
reactor cosditions) necillation of the B, and B
circuits.(46) By proper phasing of the !;rolda
ani poloidal voltages applied to the RPP,
poloidal and toroidal flumes can be oeci mo‘
with .irons inkags (1.a., helicity,K K = f} |
where § = ) into the plasaa on ooe half cyclx
and resovad with less flux linokage (or helicity)
on the fnllowing half cycls. Given that
anomolous flux absorption through the plasma
dynsmo occurs, & ®means Lo inject net magnetic
halicity into tha plasma as 1t is resistively
consumed provides for a low-technology method to
sustain the plessa current indefinitaly.
Partial tests of this oscillating field or "F-6
p-mmping” current drive have been successiul, (41)
but full tests must await ho-ter, less-resisrive
plasma. Current drive by electromtacic (i.e.,
dc) 1ipjection of magnetic helicity, rather than
th2 low-frequency electromagnatic pumping
deucribed above, may also be posuible by proper
arrangemsnt of electrodes in the plasma
scrapeoff, this mecthod being suggestel for the
gun-sustained spheromak.(19,42)

Spheromak Compact Torug (CT) ~ ACT 4s an
axisywmetric torus that hss 0o magnet coils,
conducting walls, or vacuum surface1 linking the
torus. With only polcidal field and 1in an
elongated (prolate) form required for stability,
the high-beta (0.8-1.0) FRC results. Tha
spheromak is a CT with both B and B fields,
and, like ths RFP, both are co-p:rnblc in
magnitude and generally configured ss described
by the Taylor near-minimsum—energy atate.(43)
Spheromai s have been gensrated using magnetized
co-axial plaema guns [CTX,(4Z,A7) BETA-I1(48;,
combined fast-pulsed Z- and 6-pinch techniques
{P5-1),749) and electrodelass flux-core
formatior teachniquea (8-1),(50,]. Raactor
prcjactions have baen made for spherosaks formed
by flut-core(51) and magniticed-guniiy)
teachniques .

In addition to the attributes of strong
ohelc hea:ing, high plassa and aeven higher
engineering beta, and the effici nt use cf
reslstive (equilibrium) coils tc give a high-
mass~-utilization FPC, the eirply connected CT
magneti. ss:marry sivea added simnlifica:ion and
raduces even further the impact of the FPC and
the overall .ost equaticon for fusion. Yorma-ion
techniques based on a wmagneriged co-axial
elactrode aled gives the added promise for an
exc-reactor dJdivertor .+ 1mpuricy contrcl as
vell as the propar arrangement of ejiectrodes o
iaject mwmagnetic helicity with an externally
sppliea dc voltage, dc current drive through
elec:zroces immersed only in the plasma scrapecff
becona poasible. Hence, toroidal flux emerglng
from the magnaticed gur elactrodas links a small
fraczion of polo dal flux at the ocuter (flux
surfaces and haltcity 1s injected at a rTare
raquired to sustain the plasma sgainst res‘stive
decay ms well as wupplying power loeees *ncurred




4a the divertor and the eodge-plassa Tragions.

evidence has been reported for such
oudtaimmsnt over times that are ten times the
NAgRet-anerLy decay time.(42) Generally,
presest~day electrode-sustsined spheromeks have
a higher impurity content and poorer
confissment, operastion 1in the detached oT
separated wode givi the better results
(~100 eV, gy = &(10) Se/ad) for thesa
relatively small By + T = 0.40-0.70 m)
plasmas. The devilopment o cltnn.r and more
efficient (with respect to helicity inje:ticn)
@lectrode sysStems reprasent key areas of
research. (47) venerally, the spheromai
represents & logical and highly attracrive
extension from cthe alresdy prouising reactor
1sprove=ment project { : the RFP.

Spherical Torus (S51) Tokamak - The plasm.
performance for the tokamak ss asasured by .
f, and current drive, depends strongly on plasma
shape [aspoct ratic (lic), elomgation («j,
triangularily (d), and indentation (e)] and
curreat profile. For a giveu value of q » 2-3,
cricical MAD beta limits incresse with € or I,
% tends aleo o 1incresse with 1., but high-
frequency current drive expectedly b:co-c- more
pover 1intensive st high valuas of I_.. Coupled
with the goal to reduce FFC size, mass. and cost
by reducing the plasma major radius, the ST
concept has emergediii) with l/7¢ = 1.5-2.0,
I_ = 15-20 MaA, « 2.5, and B > 0.2. The ST
t:nctor embodipant requires all structure except
the toroidal-field-coil return conduction to be
Temoved from the region inbosrd o* the plassa.
Conventional tokasak equilibrium causes a
natural plassa elongation of « ~ 1.5-2.0 for
these lov-aspect-ratio systems, and, although
q = 2.5 an average, the poloidal field can be
comparable to tle toroidal field at tne plasma
outboard side, hish-lerta rlasmes with reduced
toroidal fields result.

Significrnt par-magnatier is aisc predicted
for the ST configuratinn , wherein the on-axis
toroldal fileld can excaed tihie vacuum fleld by a
factor of 2-3. A curioua tokamak configuration
Tesultse that 1in shape outwardly resembles that
of a spheromak with 8 hard-core conductor,
exhil.ts a paramagnatism likae thar more wtrsngly
operatire in MiPs and spheromaka., bt ie
stablized according tc traditional tckamak lore
(a > 2-33. Tre deg. e *o which the S8T. RFP. and
spheromak have access to minimum-ener_y statas
and the character of the MHDG process~r that
C_ate channels for plasma relaxaticy are
Citerninad by the q(a) and - T-i B<
profiles, beth c¢f anich differ consiﬁcrabl;
amongrt these concepls.

Since roa is bot available at zhe 1Inboara
regicn of the BT for polcoidal field eolenold, a
non—-inductive sasis is needed both to initiate
and to drive the large toroidal currant. Whiie
high-frequenry wavie ray drive currear 1in lou-
denaity rlassa, rha stlrong paraaagretiem maka
tempting the postulate that oscillating-fieid or
“F-6 pumping” current drive may be applicabie to
the 8T tckamax as veli. For thils current-drive
machanism Lo w.rk, howevar, two baei: premianes

sust te fulfilled: a) L= , J-B/B? 1s nesrly
constant & measure of the ninimus-energy
state), and b) a relatively quiecent relaxation
procase is avallable to provida the plasma a
chaonel(s) for relexing to the pear-minimum-
susrgy state after externally imposed
perturbations withouc disrupting. Although the
constancy of . can be readily tested with an
appropriate equilibrium code, the availability
of non-disruptive relaxation channels for a
q > 2-3 toksmak that ’n richness aspprcaches the
q <1 RFP and the q < ] spheromak reasin as
open questions. A partial indication 1s Rgiven
by the sepheromak, which 1s capable of non-
disruptive relaxation tnrough a smsall cumber of
low-n (toroidal) sodes. Ancwers tc these
questions are activsly being developed for the
ST as one of a number of significant tokamak
improvement (Fig. 2.} that may lead to smialler
reacrors not unlike those suggested for PFD
systems.

CONCLUSIONS

A number of options and ospportunities exist
for significant improvement 1in the prospects for
cosmerclal fueion power based on the princilpal
tokamak ae well as other concepts. The inter-
relationship amonger the options are becoming
clearear as physics understending develops. Tne
directione of significant improvement lead =to
systems that asssume wore of the task of plasma
confinement, hesting, and sustainment through
self-genaratad fields rather chan ty lmoosing
these furctions aexciusively ou complex and
costly aenginearing systems Chat surrcaind & icw—
povwer-density plasma. Central to the needed
reduction in FPC size, cost, and cooplexity 1s
the use of efficient and closely coupled copper
col.s that ideally provide only an ejuilibriim
furiction. Plasoa systems that are pcloidal-
fi:ld dominated offer unijue [promise 1n Chls
regard and aeay include tokamsak  variarts.
Although the rokamsk physice data base is better
dev~loped than that for PFD systeme like the KFP
or spheromik, the degrec to which these savanced
tchamaks wust extirapolate from that data bame iw

ng: ~nlike that for the other approaches.
Advances 1o theme oLher concepts h&ve beer:
astounding, and the promise 1w grear for

develovmunt paths that aiter considerat’v the
previously assumad trend <cf aever-escaiating
device slzs and vost. A less costly bat bholaer
and moce-flaxitle deve_pmert patn L..
commarcializacisn 1s anticipated for boric theae
PFl systems as well um epriopriately talicred
variants of the principle tokamak.
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